1. Introduction
===============

Duloxetine hydrochloride (DL), chemically known as (+) - (*S*) - *N*-methyl - γ - (1- naphthyloxy) -2-thiophenepropylamine hydrochloride \[[@B1]\], is an antidepressant agent. It is indicated for the treatment of major depressive disorder (MDD) and general anxiety disorder. It is a selective serotonin and nor-epinephrine reuptake inhibitor (SSNRI) for oral administration. It is also used to treat fibromyalgia (a chronic pain disorder), or chronic muscle or joint pain (such as low back pain and osteoarthritis pain). It may also used to treat pain caused by nerve damage in people with diabetes \[[@B2]\]. DL is considered among the most important antidepressant drugs therefore, the development of reliable rapid and accurate procedures for this active ingredient quantification is welcomed \[[@B3]\]. A survey of literature showed that several analytical methods have been reported for determination of DL in its pure form, pharmaceutical preparations and biological fluids, where DL is not determined officially in any pharmacopoeia. These methods include high-performance liquid chromatography \[[@B4],[@B5]\], liquid chromatography coupled with mass spectrometry \[[@B6]-[@B8]\], high performance thin layer chromatography \[[@B9]\], Spectrofluorimetry \[[@B10]\], spectrophotometry \[[@B11]\] and capillary zone electrophoresis \[[@B12]\]. Although, those methods are very sensitive, they are not adapted for in situ and real time detection of DL as they are time consuming, involve expensive apparatus and require skilled technicians.

Electrochemical techniques are of choice since they possess the advantages of simplicity, accuracy, and low cost without separation or pretreatment procedures \[[@B13]\]. The conventional Polyvinylchloride (PVC) membrane ion-selective electrodes have found a wide range of applications in pharmaceutical analysis; however they still have certain inherent limitations. Drawbacks in the use of PVC electrodes were arisen from the time consuming and inconsistent manual fabrication typically employed as well as short lifetime of these electrodes \[[@B14]\].

To overcome the aforementioned difficulties in PVC membrane electrodes, new kinds of all solid- state ones (without internal reference solution) allowing electrode miniaturization capability were introduced. Coated wire electrodes (CWEs) and coated graphite electrodes are examples of these sensors design; however the potential drift and the poor adhesion of the membrane to the metal substrate are main drawbacks of these electrodes \[[@B15]\]. Carbon paste electrodes (CPEs) had been employed as useful materials for the fabrication of simple sensors since 1970s \[[@B16]\]. In comparison to PVC electrodes the CPEs possessed advantages of much lower Ohmic resistance, very fast and stable response with easy renewal of the electrode surface as well as long functional lifetime. As CPEs continued to play a major role in the development of analytical procedures or testing new analytical methodology, screen-printed electrodes (SPEs) could be considered a solution for the lack of commercial availability of CPEs. Screen printing seems to be one of the most promising technologies providing high versatility, reproducibility, and large-scale production for commercialization \[[@B17]\].

The present work aimed to introduce disposable screen-printed carbon electrodes (SPCEs) as potentiometric sensors using homemade carbon ink. SPCEs were fabricated in plain and modified forms, and then subjected to a series of tests to select the sensor possessing the most favorable analytical characteristics for their application as potentiometric sensor for DL determination in bulk drug and in its pharmaceutical formulations.

2. Experimental
===============

2.1. Reagents
-------------

All reagents were of analytical grade and distilled water was used throughout the experiments. Di-butyl phthalate (DBP), di-octyl phthalate (DOP), di-octyl sebacate (DOS) and di-butyl sebacate (DBS), (Sigma-Aldrich) were used as electrode plasticizers. Poly (vinyl chloride) (PVC), with relative high molecular weight, phosphomolybdic acid (PMA), phosphotungstic acid (PTA), ammonium reineckate salt (ARS), acetone, cyclohexanone and tetrahydrofuran (THF) were from (Sigma-Aldrich, Germany) and graphite powder, synthetic 1-2 μm, (Dorset, UK) were applied in electrode fabrication. Duloxetine hydrochloride was kindly supplied from Jean Radne Sales (Indian). Cymbalta^®^60 mg/capsule was purchased from local drug stores.

2.2. Apparatus
--------------

Potential measurements were carried out using HANNA pH meter 211 with a combined pH glass electrode. Scanning electron microscope (JEOL JSM-6060 LV-Japan) was used for surface structure studies.

2.3. Authentic samples
----------------------

Stock drug solution 0.1 mol L^-1^was prepared by dissolving 1.7 g of the drug in distilled water, filtered and completed to 50 mL with distilled water.

2.4. Pharmaceutical preparation
-------------------------------

The content of ten capsules of Cymbalta^®^60 mg/capsule was weighed, ground, and an accurate weight of the powder assigned to contain 100 mg DL was dissolved in distilled water, filtered and completed to 50 mL with distilled water.

2.5. Composition of screen printing carbon electrodes
-----------------------------------------------------

SPCEs are heterogeneous carbon electrodes having a composite structure since the printing ink matrix colligates different phases (carbon powder, plasticizer and polymeric binder which is PVC dissolved in a proper organic solvent). After printing and curing, carbon tracks were deposited on the substrate with a final composition of 34.6% plasticizer, 57.7% carbon and 7.7% polymeric binder. This composition combines those of both carbon pastes (28.6% plasticizer and 71.4% carbon) and PVC membranes (50% plasticizer, and 50% PVC). Scanning electron microscopy (SEM) indicated that addition of the plasticizer into the printing carbon ink produced a semi-liquid phase with smooth electrode surface (Figure [1](#F1){ref-type="fig"}). Such unique composition makes the SPCEs to combine the electroanalytical behavior of both PVC and CPE.

![**Scanning electron micrographs of electrode surface**. a) Carbon ink containing DOP, b) Carbon ink without DOP.](1752-153X-6-6-1){#F1}

2.6. Optimization of electrode performance
------------------------------------------

### 2.6.1. Plain or soaked electrodes

Homemade carbon ink was prepared by mixing of 0.8 g carbon powder, 0.5 g plasticizer and 1.3 g 8% PVC binder dissolved in a proper organic solvent 5 mL (THF). It is expected that during soaking of such electrode in the aqueous DL-ion pair(s) suspension, the electrode plasticizer extracts these ion-pair(s) and the electrode bulk becomes gradually saturated with such ion-pair(s), and hence there is no need to incorporate the ion exchanger into the electrode during its preparation. The plain SPCEs were soaked in different DL-ion pair(s) suspensions and used in potentiometric determination of DL hydrochloride \[[@B18]\].

### 2.6.2. Modified electrode with duloxetine- ion pairs

DL forms water-insoluble ion pair complexes with 20 mg for each ammonium reineckate salt (ARS), phosphotungstic acid (PTA) and phosphomolybdic acid (PMA) which can be used as electoactive materials for DL sensors.

### 2.6.3. Modified electrode with the ion pairing agents (in situ mode)

In the modified electrode with ion pairing agents a suitable ion pairing agent PMA, 10 to 50 mg was used in the printing ink followed by soaking of printed electrodes in DL solution led to the formation of DL-ion pairs at electrode surface which were subsequently extracted by the electrode mediator (plasticizer) into the electrode bulk solution.

### 2.6.4. Effect of plasticizer type

In this study the effect of plasticizer type on the performance of screen printing carbon electrodes has been studied. Four plasticizers, dioctylphthalate (DOP), dibutylphthalate (DBP), dioctylsebacate (DOS) and diobutylsebacte (DBS) were used to examine the optimization of electrode performance. The content ratio were: for plasticizer 34.6, 45.0, 40.5 and 36.7w%, for Carbon powder 57.7, 45.0, 54.8 and 55.5w% and for PVC 7.7, 10.0, 8.5 and 4.5w%.

### 2.6.5. Sensors construction

The potentiometric strips were fabricated in arrays of six couples consisting of the working and reference electrodes (each 5 × 35 mm) following the procedures described elsewhere \[[@B17]\]. Ag/AgCl pseudo-reference electrode was first printed using homemade ink (prepared by mixing 0.9 g Ag/AgCl mixture (65:35%) with 0.8 g of 8% PVC solution in acetone-cyclohexanone mixture) and cured at 60°C for 30 min. The plain carbon electrode was printed using carbon ink (prepared by mixing 0.5 g DOP, 1.3 g of 8% PVC solution and 0.8 g carbon powder), cured at 50°C for 30 min and soaked in freshly prepared DL-ion pair suspensions for 24 h. The modified electrodes were fabricated in the same manner with incorporation of either 20 mg of phosphomolybdic acid ion pair or 50 mg ammonium reineckate ion pair as senescing materials and used directly in the potentiometric measurements after 10 min preconditioning in 1.0 × 10^-3^mol L^-1^DL solution.

### 2.6.6. Potentiometric measurements

The fabricated sensors were calibrated by immersing the bi-electrode strip in 5 mL aliquots of 1.0 × 10^-6^-1.0 × 10^-1^mol L^-1^DL solutions and the potential readings were plotted against drug concentration (-log \[DL\]).

### 2.6.7. Analytical applications

Using standard addition method, an electrode was immersed into a sample of 5 mL with unknown concentration (ca. 1.0 × 10^-4^mol L^-1^and the equilibrium potential of E~1~was recorded. Then 0.1 mL of 1.0 × 10^-1^mol L^-1^standard solution of DL was added into the testing solution and the equilibrium potential of E~2~was obtained. From the change of Δ *(E~2~-E~1~)*one can determine the concentration of the testing sample \[[@B19]\].

In the potentiometric titration methods, aliquots of the sample solutions containing 1.0 × 10^-6^-1.0 × 10^-2^mol L^-1^DL were titrated with standard phosphomolybdic acid solution and the electrode potential values were plotted against volume of the titrant added to estimate the end point.

3. Results and discussion
=========================

Both unmodified and modified electrodes (either with DL ion pairs or ion pairing agents) were prepared and tested for the effect of nature and content of modifier, type of plasticizer, pH, response time, interferents, and applications.

3.1. Response characteristics of DL-SPCEs sensors
-------------------------------------------------

It is expected that during soaking of the plain electrode in the aqueous DL-ion pair(s) suspension, the electrode plasticizer extracts these ion-pair(s) and the electrode bulk becomes gradually saturated with such ion-pair(s), and hence there is no need to incorporate the ion exchanger into the electrode during its preparation. The plain SPCEs were soaked in different DL-ion pair(s) suspensions and used in potentiometric determination of DL hydrochloride. Results obtained showed that the electrodes soaked in DL-phosphomolybdate gave the best performance indicated by the highest slope (57 ± 0.4 mV decade^-1^) which may be attributed to the difference in solubility products of these ion pairs and their extraction into the electrode bulk solution \[[@B20]\], (Table [1](#T1){ref-type="table"}).

###### 

Optimization of composition (w/w %) of SPCEs sensors

  ------------------------------------------------------------------------------------------------------------------------------
  Types                     No        PVC\   DOP\   Carbon\   DL-PMA\     PMA\      Slope   %RSD\*   **Linear Conc**.\
                                      w%     w%     w%        (mg)        (mg)                       Range (Mol L^-1^)
  ------------------------- --------- ------ ------ --------- ----------- --------- ------- -------- ---------------------------
  **Plain**\                **(a)**   7.7    34.6   57.7      \-\--       \-\--     57.0    0.4      1.0 × 10^-6^-1.0 × 10^-2^
  **(Soaking electrode)**                                                                            

                            **(b)**   10.0   45.0   45.0      \-\--       \-\--     56.0    1.2      1.0 × 10^-5^-1.0 × 10^-2^

                            **(c)**   8.5    36.7   54.8      \-\--       \-\--     54.0    0.9      1.0 × 10^-5^-1.0 × 10^-2^

                                                                                                     

  **Modified**              **(a)**   7.7    34.6   57.7      20          \-\-\--   58.0    0.8      1.0 × 10^-6^-1.0 × 10^-2^

                            **(b)**   10.0   45.0   45.0      20          \-\-\--   57.5    0.2      5.0 × 10^-5^-1.0 × 10^-2^

                            **(c)**   8.5    36.7   54.8      20          \-\-\--   55.0    0.6      1.0 × 10^-6^-1.0 × 10^-2^

                                                                                                     

  **In situ**               **(a)**   7.7    34.6   57.7      **\-\--**   50        55.0    0.4      1.0 × 10^-6^-1.0 × 10^-2^

                            **(b)**   10.0   45.0   45.0      **\-\--**   50        52.0    0.7      1.0 × 10^-5^-1.0 × 10^-2^

                            **(c)**   8.5    36.7   54.8      **\-\--**   50        54.5    0.8      1.0 × 10^-6^-1.0 × 10^-3^
  ------------------------------------------------------------------------------------------------------------------------------

\* Average of five determinations

DL forms water-insoluble ion pair complexes with ammonium reineckate salt (ARS), phosphotungstic acid (PTA) and phosphomolybdic acid (PMA) which can be used as electoactive materials for DL sensors. SPCEs incorporated with different DL ion-pairs gave Nernstain responses with different slopes and sensitivities depending on the nature of the ion pair used. Incorporation of DL-PMA showed the best performance (slope 55 ± 2 mV decade^-1^) compared to the other DL-ion pairs modified electrodes. The content of DL-PMA in the printing ink was varied from 5 to 50 mg; incorporation of 20 mg was found to be the best (58 ± 0.8 mV decade^-1^) as further addition of this ion pair resulted in decreasing of the electrode slope as it reaches 47 mV decade^-1^.

Incorporation of a suitable ion pairing agent in the printing ink followed by soaking of printed electrodes in DL solution led to the formation of DL-ion pairs at electrode surface which were subsequently extracted by the electrode mediator (plasticizer) into the electrode bulk solution. From different incorporated ion-pairing agents, phosphomolybdic acid showed superior sensitivity indicated by the highest slope value (54 ± 2 mV decade^-1^) compared to the other ion pairing agents. Carbon inks containing 10 to 50 mg phosphomolybdic acid were prepared and used in printing of electrodes and calibration results revealed that SPCEs containing 50 mg of phosphomolybdic acid showed the highest slope (55 ± 2 mV decade^-1^).

3.2. Plasticizer effect
-----------------------

The influence of the plasticizer on the electrode performance has been studied by comparing the DOP plasticized electrode with those plasticized with DBP, DOS and DBS Figure [2](#F2){ref-type="fig"}. The obtained calibration graphs of plain SPCEs clarified that, using DOP as plasticizer offers better sensitivity indicated by the highest slope (slope values were 58 ± 0.7, 53 ± 0.9, 54 ± 1 and 55 ± 0.8 mV decade^-1^for DOP, DBP, DOS and DBS, respectively) which may be related to the dielectric constant of plasticizers and their abilities to extract DL-PMA into the electrode matrices (ε = 17.6, 3.8, 4.5 and 5.2 for tested plasticizers, respectively).

![**Effect of pH using 1.0 × 10^-3^mol L^-1^DL on the potential of DL sensors**.](1752-153X-6-6-2){#F2}

3.3. Sensors performance
------------------------

The potentiometric response characteristics of DL-SPCEs were evaluated according to IUPAC recommendations \[[@B21]\]. Sensors displayed (Table [2](#T2){ref-type="table"}) linear response from 1.0 × 10^-6^to 1.0 × 10^-2^mol L^-1^DL with Nernstian cationic slopes depending on the mode of preparation. Both SPCEs modified with the DL-PMA and plain electrodes showed better performance relative to those incorporated with the ion pairing agent indicated by higher slopes (58 ± 0.8 and 57 ± 0.4 mV decade^-1^) with lower detection limit reaching 5.0 × 10^-7^mol L^-1^. Screen-printing technology offers production reproducibility, versatility, and large-scale production for commercialization. Concerning the fabrication reproducibility, modification with DL-PMA was the best as the average slope values for six electrodes within the same batch were 58 ± 0.8 mV decade^-1^with standard potential 37 ± 2 mV. The corresponding values between three different batches were 59 ± 1 mV decade^-1^and 375 ± 2.7 mV, respectively. The lifetimes of the different fabricated electrodes were tested by performing day-to-day calibration. SPCEs showed a useful lifetime of 4 weeks of daily measurement, during which the average slopes were reproducible (within ± 2 mV decade^-1^). Moreover, the SPCEs showed shelf life of more than 6 months when stored dry at 4°C without significant change in the electrode performance. The dynamic response time of the electrode was tested by measuring the time required to achieve a steady state potential (within ± 1 mV) after sudden increase in the DL concentration from 1.0 × 10^-6^to 1.0 × 10^-2^mol L^-1^. The response time of both plain and DL-PMA modified SPCEs was fast (as about 2.8 s); while electrodes modified with the ion pairing agents gave a stable potential reading after 5 s. The influence of pH on the response of SPCEs was also checked by recording the potential readings of the cell in solutions containing 1.0 × 10^-4^to 1.0 × 10^-2^mol L^-1^DL at different pH values (pH 2-9). The plots of E (mV) versus pH indicated that the electrodes responses were found to be pH-independent in the range 3-8 (Figure [2](#F2){ref-type="fig"}). Selectivity coefficients of DL-SPCEs were determined using separate solution method \[[@B19]\] and matched solution method \[[@B22]\]. Additives and fillers commonly introduced in pharmaceutical formulations (such as glycine, caffeine, citrate, maltose, sucrose, and starch) as well as inorganic cations, Na^+^, K^+^, Li^+^, Ca^2+^, Mg^2+^, and NH~4~^+^did not show significant interference in the determination of DL (Table [3](#T3){ref-type="table"}).

###### 

Analytical performance of various DL-SPCEs

  Parameter                         Modified                     In situ                      Plain (Soaked)
  --------------------------------- ---------------------------- ---------------------------- ----------------------------
  Concentration range (mol L^-1^)   1.0 × 10^-6^- 1.0 × 10^-2^   1.0 × 10^-6^- 1.0 × 10^-2^   1.0 × 10^-6^- 1.0 × 10^-2^
  Slope (mV decade^-1^)             58 ± 1                       55 ± 2                       57 ± 0.4
  Correlation coefficient, r        0.9999                       0.9998                       0.9999
  LOD (mol L^-1^)                   5.0 × 10^-7^                 5.0 × 10^-7^                 5.0 × 10^-7^
  Response time (s)                 2.8                          5.0                          2.8
  Operation lifetime (days)         27                           20                           20
  Shelf lifetime (months)           6                            6                            6
  Working pH range                  3-8                          3-8                          3-8

Results are average of five different determinations

###### 

Selectivity and tolerance values for the DL-PMA responsive sensors

  -log K^pot^~Dl,\ J~^z+^                
  ------------------------- ------------ ---------
  **Interferent**           **DL-PMA**   
                                         
                            **SSM**      **MSM**
                                         
  Na^+^                     2.64         2.85
  K^+^                      2.99         3.12
  Li^+^                     2.65         2.98
  NH~4~^+^                  2.87         3.23
  Ca^2+^                    3.77         \-
  Mg^2+^                    3.12         3.28
  Cd^2+^                    3.89         \-
  Al^3+^                    3.74         \-
  Fe^3+^                    4.65         \-
  Glycine                   \-           4.54
  Caffeine                  \-           5.34
  Glucose                   \-           4.98
  Lactose                   \-           5.26
  Sucrose                   \-           5.35
  Starch                    \-           4.02

3.4. Potentiometric titration
-----------------------------

In addition to the application of SPCEs in direct potentiometric determination of DL hydrochloride, the developed sensors were also used as end-point indicator electrodes in the potentiometric titration of DL hydrochloride with phosphomolybdic acid. The effect of electrode plasticizer on the titration performance was also investigated. Generally, the printed electrodes plasticized with DOP gave the highest total potential change (*Δ*E = 380 mV) compared with those plasticized with DBS, DOS and DBP (*Δ*E = 180, 148 and 90 mV for the plasticizers in the same order). Moreover, plain SPCEs showed the best titration curve (Figure [3](#F3){ref-type="fig"}) comparable to those modified with either the DL-PMA or ion-pairing agent. Under the same conditions, SPCEs showed a better titration curve than that obtained with CPEs and similar to PVC electrode (Figure [4](#F4){ref-type="fig"}). The titration curves were symmetrical with very well-defined inflexion points of potential jumps indicating the high sensitivity of the electrode. The titration process was highly reproducible with average recoveries 99.6 ± 0.8 and 99.6 ± 0.6% for 1.0 × 10^-2^and 1.0 × 10^-3^mol L^-1^DL, respectively. It was found that the same electrode was successfully applied for more than 20 titration processes over 20 days with non-significant drift in the total potential change (*Δ*E = 286 ± 1 mV) and average recovery of 99.98 ± 0.8%.

![**Potentiometric titration of DL with phosphomolybdic acid 5.0 × 10^-3^mol L^-1^using SPCEs fabricated with different modes (2.0 mL of 1.0 × 10^-2^mol L^-1^DL)**.](1752-153X-6-6-3){#F3}

![**Potentiometric titration of DL with phosphomolybdic acid 5.0 × 10^-3^mol L^-1^using SPCEs fabricated with different modes SPCE, PVC and CPEs (1.0 mL of 1.0 × 10^-2^mol L^-1^DL)**.](1752-153X-6-6-4){#F4}

3.5. Analytical applications
----------------------------

The proposed electrodes were successfully employed for assay of DL in its authentic samples as well as pharmaceutical formulations applying standard addition, and potentiometric titration methods. The results in Table [4](#T4){ref-type="table"} clearly indicate satisfactory agreement between the DL contents in different samples determined by the developed sensor and the reported UV-spectrophotometric method \[[@B23]\] which includes the determination of duloxetine hydrochloride in 0.1 mol L^-1^HCl at 288 nm.

###### 

Potentiometric determination of DL in pharmaceutical preparation using SPCEs

  ----------------------- ----------------------- ------------------- ------------------------ ------------------------- ------------ --------------- ------------
  **Standard addition**   **-log conc. taken**\   **Pure solution**   **Cymbalta^®^tablets**   **Reported method^23^**                                
                          **(mol L^-1^)**                                                                                                             

                                                                                                                                                      

                                                  **Recovery**\       **RSD\***\               **Recovery**\             **RSD\***\   **Recovery**\   **RSD\***\
                                                  **%**               **%**                    **%**                     **%**        **%**           **%**

                                                                                                                                                      

                          5.0                     99.80               0.7                      99.20                     0.3                          

                          4.0                     99.50               0.8                      99.25                     0.5          99.60           0.9

                          3.0                     100.00              0.6                      99.33                     0.4          99.75           0.7

                          2.0                     99.50               0.8                      98.50                     0.3          99.33           0.5

                                                                                                                                                      

  Titration               5.0                     99.60               0.2                      99.40                     0.6          99.50           0.2

                          4.0                     99.25               0.5                      99.00                     0.9                          

                          3.0                     99.33               0.1                      99.67                     0.3                          

                          2.0                     99.00               0.6                      99.00                     0.8                          
  ----------------------- ----------------------- ------------------- ------------------------ ------------------------- ------------ --------------- ------------

\*Average of five determinations

4. Conclusion
=============

The present study shows that, the SPCEs can be characterized, optimized, and successfully applied for the potentiometric determination of DL using the procedures adapted in the application of the ordinary CPEs and PVC electrodes. SPCEs are produced more easily and rapidly, saving large amounts of reagents, especially sensing material. The developed disposable strips have several advantages including simplicity, versatility, reproducibility of the preparation, and low cost mass production. Moreover, the different DL sensors presented in this study showed fast dynamic response times and longer lifetimes. The electrochemical performance of the developed SPCEs was even better than the conventional ones and can be regarded as the base for further research on drug quality control via incorporation of different sensing materials.
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